Chronic kidney disease has become a major public health problem worldwide. The aim of this study was to investigate the differences in plant growth and photosynthesis among three lettuce (Lactuca sativa) types with different morphological characteristics under low potassium conditions, providing information for improving the method of low-potassium lettuce culture. Lettuce was hydroponically grown in half-strength Enshi formula nutrient solution containing 4, 2, or 1 me·L In green leaf lettuce, reductions in both the net assimilate rate (NAR) and leaf area ratio (LAR) led to a decline in RGR. In Boston lettuce and romaine lettuce, the reduction of RGR was mainly due to a reduction in LAR, and to a lesser extent caused by NAR. Reduced potassium in the nutrient solution had a greater effect on mature leaves than on newly expanded leaves for all three lettuce types. In green leaf lettuce and Boston lettuce, photosynthetic rates of mature leaves significantly decreased under reduced potassium treatments, with a steady or gradually increased intercellular CO 2 concentration; this indicated that non-stomatal factors suppressed photosynthesis. In romaine lettuce, the photosynthetic rate was less influenced by reduced potassium levels in the nutrient solution, and the significant increase observed in leaf mass per area might contribute to maintaining photosynthesis in the leaf. The decrease in photosynthesis in mature leaves exhibited a similar trend to the decreased potassium content in the leaves within the three lettuce types, but the factor related to the reduction of photosynthesis was different.
Introduction
Lettuce is one of the most commonly consumed leaf vegetables, providing a variety of nutrients and vitamins. Lettuce naturally absorbs a great amount of potassium, and has associated high potassium levels in leaves. Potassium is an essential nutrient for human health and any unused potassium is removed by the kidneys. In patients suffering chronic kidney disease, potassium uptake from food is restrictive. Dietary potassium is generally restricted to 2000-3000 mg·day −1 for patients requiring hemodialysis and 3000-4000 mg·day −1 for patients requiring peritoneal dialysis (Bajwa and Kwatra, 2013) . In lettuce, the potassium content can be partially reduced through boiling or soaking in water. Unfortunately, other nutrients, such as ascorbic acid and minerals, also lose their nutritional net assimilation rate (NAR), and leaf area ratio (LAR), are used to understand inherent differences in a plant's response to environmental stresses such as nutrient deficiency in groundsel (Paul and Ayres, 1986) , heavy metal toxicity in cucumber (Vinit-Dunand et al., 2002) , and low temperature in rice (Yamori et al., 2011) . Ogawa et al. (2007 Ogawa et al. ( , 2012 have studied the effects of potassium restriction on the plant yield of lettuce and spinach. However, studies focusing on the physiological implications of reduced potassium supply on the growth and development of lettuce are still limited.
Generally, a plant grown under low potassium conditions has lower potassium content in the leaves. Potassium plays an important role in the photosynthesis process, where it is involved in stomatal regulation, ATP synthesis, and enzyme activation (Lebaudy et al., 2008; Marschner, 1995; Tombesi et al., 1969) . It has been suggested that a decrease in photosynthesis is closely connected with a reduced potassium content in the leaves of Chinese hickory (Jin et al., 2011) . Potassium deficiency caused a reduction in the photosynthesis and transpiration rates via actuation of stomatal closure in maize (Peaslee and Moss, 1968) , thus suppressing plant growth. However, non-stomatal reductions of photosynthesis have been reported in potassium deficient plants (e.g., almond tree, Chinese hickory, and cotton), these are associated with a decline in the chlorophyll content, inhibition of PSII activity, and electron transport (Basile et al., 2003; Jin et al., 2011; Wang et al., 2012) . Few studies have examined the effects of reduced potassium supply on photosynthesis in lettuce. Thus, it is hard to conclude whether photosynthesis will decline, and whether a stomatal or non-stomatal factor plays an important role in the photosynthesis reduction of lettuce exposed to a low potassium environment. Furthermore, inhibition of photosynthesis may be different depending on leaf age, as potassium is a mobile element inside plants (Marschner, 1995) .
There are many types of lettuces including leaf lettuce (e.g., green leaf lettuce), butterhead lettuce (e.g., Boston lettuce), and romaine lettuce. The morphological characteristics of these three lettuce types are different. Most green leaf lettuce types feature frilly, wrinkled, or puckered leaves, with a tender leaf texture. Boston lettuce has leaves with a soft texture and a thin leaf structure. Romaine lettuce has long, broad, upright leaves, with a firm rib that almost reaches the tip of the leaf and the leaf texture is hard and crispy. These differences in lettuce type may result in different performances under low potassium conditions, due to differences in plant form (Smith et al., 2011) , plant vigor (Wallace et al., 2012) , and leaf morphology (Mou, 2008) . It is therefore necessary to study how each lettuce type responds to reduced potassium in a nutrient solution in terms of plant growth and photosynthesis. In this study, the above three lettuce types were hydroponically grown in nutrient solutions with reduced potassium. First, the reactions of photosynthesis to reduced potassium were assessed in both mature and newly expanded leaves. Second, the relationship between plant growth and leaf photosynthesis among the different lettuce types was assessed by growth analysis at the whole plant level. This study aimed to investigate differences in plant growth and photosynthesis responses to reduced potassium in nutrient solution among the three lettuce types, facilitating improvement of the method for low-potassium lettuce culture in the future.
Materials and Methods

Plant materials and growth conditions
The experiments were carried out from April to June 2015. Seeds of green leaf lettuce (Lactuca sativa var. crispa L. 'Green wave', Takii seed, Kyoto, Japan), Boston lettuce (L. s. var. capitata L. 'Okayamasaradana', Takii seed), and romaine lettuce (L. s. var. longifolia L. 'Romana', Takii seed) were sown in urethane cubes (2.3 cm width, 2.3 cm depth, 2.7 cm height) and the seedlings were cultivated in a growth chamber at 20/17°C (day/night) at 350 ± 10 μmol·m −2 ·s −1 photosynthetic photon flux for 12 h under cool white fluorescent lamps. Fifteen days after sowing (DAS), uniform seedlings were transplanted into a greenhouse of Chiba University, located in Matsudo City of Japan (long. 35°78' N, lat. 139°90' E) on 13 May, 2015, and were harvested on 3 June, 2015 for green leaf lettuce, on 5 June, 2015 for Boston lettuce, and on 7 June, 2015 for romaine lettuce. For the entire period of the experiment in the greenhouse, the mean air temperatures were 25/20°C (day/night), relative humidity 70%, and average light intensity (on the cultivation beds) 500 μmol·m Asao et al., 2013) . Reduced potassium treatments (keeping all other nutrient contents constant) were conducted from the transplanting day, with NaNO 3 used to replace KNO 3 in nutrient solutions. The treatments were as follows: 1) 1/1 K (control; 4 me·L 
Determination of potassium
On the final harvest day, plants were separated into shoots and roots. Following determination of the fresh weight, the shoot was immediately divided into outer and inner leaves. Counting from the lowest leaf, green leaf lettuce, Boston lettuce, and romaine lettuce had 5-6, 10-11, and 8-9 outer leaves, respectively. The remainder of the shoot part consisted of inner leaves (green leaf lettuce, 10-12 leaves; Boston lettuce, 14-17 leaves; and romaine lettuce, 11-16 leaves). All plant tissues were dried in an oven at 80°C for at least 72 h, then ground into powder. The potassium content in plant tissues was determined by inductively coupled plasma-optical emission spectrometry (ICP-OES; Thermo Fisher Scientific, Cambridge, UK). Approximately 0.05 g dry sample powder was dissolved in 8 mL nitric acid through a high performance microwave system (ETHOS One; Milestone, Sorisole, Italy). Following digestion, the dissolution was diluted to a 100 mL volume with deionized water, mixed thoroughly, and the potassium content determined.
Gas exchange measurements
Leaf gas exchange parameters were recorded in each harvested plant just prior to the harvest by using a portable gas exchange system (LI-6400; LI-COR, Lincoln, NE, USA). Light was provided by red (peak wavelength: 665 nm) and blue (470 nm) light-emitting diodes (6400-02B; LI-COR). The photosynthetic rate, stomatal conductance, intercellular CO 2 concentration, and transpiration rate were determined using mature (counting from the lowest leaf, the 4th leaf was used for all lettuce types) and newly expanded leaves (counting from the lowest leaf, the 8th leaf was used for green leaf lettuce, the 13th leaf for Boston lettuce, and the 11th leaf for romaine lettuce). Measurements were carried out between 9:00 and 16:00. The measurement conditions of light intensity, CO 2 concentration, relative humidity, and leaf temperature were 500 μmol·m , 70 ± 5%, and 25°C, respectively.
Plant growth measurements
Growth measurements and sampling were performed 15 DAS on the transplanting day and on the final harvest day (when the control plant shoot fresh weight reached the commercial harvest weight (90-110 g): 37 DAS for green leaf, 39 DAS for Boston lettuce, and 41 DAS for romaine lettuce). The leaf number, total leaf area, shoot and root fresh weights, and shoot and root dry weights were evaluated on each sampling date. The total leaf areas were determined using a leaf area meter (LI-300; LI-COR) and the leaf mass per area (LMA) was calculated from the leaf dry weight and total leaf area (leaf dry weight/total leaf area). Plant tissue dry weights were obtained after drying at 80°C for at least 72 h. The relative chlorophyll contents of mature and newly expanded leaves were determined using a SPAD analyzer (SPAD-502 Chlorophyll Meter; Konica Minolta, Tokyo, Japan).
Growth analysis parameters, including RGR, NAR, and LAR were calculated using the following equations:
where W 1 and W 2 are the total dry weights of the whole plant at times t 1 (i.e., 15 DAS for three lettuce types; the same as below) and t 2 (i.e., 37 DAS for green leaf, 39 DAS for Boston lettuce, and 41 DAS for romaine lettuce; the same as below),
where L 1 and L 2 are the total leaf areas of the whole plant at times t 1 and t 2 , and
Ascorbic acid and nitrate content
The ascorbic acid and nitrate content in the outer and inner leaves of the three types of lettuce were quantified with analysis strips using a reflectometer (RQflex plus; Merck, Darmstadt, Germany) for each treatment.
Statistical analysis
Values are means ± SD. Significant differences between the three potassium treatments for each lettuce type were analyzed by using one-way ANOVA with Tukey's multiple comparison test using statistical software SPSS version 21.0 (at the P < 0.05 level). The interactions of potassium treatment and lettuce type on the characteristics of growth and photosynthesis were analyzed by two-way ANOVA.
Results
Plant growth
Reduced potassium in the nutrient solution significantly decreased plant biomass in all lettuce types, with a significant reduction in the total leaf area, and relative chlorophyll content, and the 1/4 K treatment showed a greater inhibition of plant growth than that of the 1/2 K treatment ( Fig. 1; Table 1 ). Shoot fresh weights of plants grown in the 1/4 K and 1/2 K treatments were significantly decreased, by 24.5% and 39.9% for green leaf lettuce, by 30.5% and 39.1% for Boston lettuce, and by 35.5% and 52.3% for romaine lettuce, respectively (Table 1) . For plants grown in the 1/4 K treatment, a large reduction of the relative chlorophyll content was observed in both mature and newly expanded leaves of green leaf lettuce, mature leaves of Boston lettuce, and the newly expanded leaves of romaine lettuce ( Fig. 1; Table 1 ). The root fresh and dry weights of plants grown in the 1/2 K and 1/4 K treatments decreased in green leaf lettuce and romaine Hort. J. 86 (2): 229-237. 2017. lettuce (Table 1) . Furthermore, a decline in leaf number and an increase in LMA were observed in romaine lettuce grown in all nutrient solutions with reduced potassium (Table 1) . The leaf number, total leaf area, LMA, relative chlorophyll content, and fresh weight and dry weight were significantly different among the three lettuce types. There was a significant interaction of potassium treatment and lettuce type for total leaf area and relative chlorophyll content.
Corresponding growth parameters were analyzed to evaluate any effects of reduced potassium on plant growth and development. The RGRs of reduced potassium treatment plants were significant lower than in the control plants for all three lettuce types, and corresponded to the final dry weight ( Fig. 2; Table 1 ). Decreases in NAR and LAR resulted in a lower RGR in green leaf lettuce, while the reduction of LAR solely explained the reduction in RGRs in Boston lettuce and romaine lettuce (Fig. 2) . For all three lettuce types, inhibitions of plant growth were more severe in the 1/4 K treatment.
Potassium content in different lettuce parts
The potassium content was expressed on a fresh weight basis (Table 1 ) and a dry weight basis (Fig. 3) , respectively. When expressed on a fresh weight basis, the potassium contents in total leaves of three lettuce types showed significant reductions in the 1/2 K and 1/4 K treatments, and the lowest values were found in the 1/4 K treatments (Table 1) . When the potassium content was expressed on a dry weight basis, the values in the outer leaves of plants grown in the 1/2 K and 1/4
Green leaf lettuce Boston lettuce Romaine lettuce 1 . Green leaf lettuce, Boston lettuce, and romaine lettuce grown under different potassium treatments at final harvest time. 1/1 K, 1/2 K, and 1/4 K denote plants grown in half-strength Enshi formula nutrient solution containing 100%, 50%, and 25% levels of KNO 3 , respectively. Bars indicate 10 cm. z 1/1 K, 1/2 K, and 1/4 K denote plants grown in half-strength Enshi formula nutrient solution containing 100%, 50%, and 25% levels of KNO 3 , respectively. y Mature leaves were derived from outer leaves, whereas newly expanded leaves were derived from inner leaves. x Values were estimated from the data (on a dry weight basis) shown in Figure 3 . w Values within a column followed by different letters differ significantly for the same lettuce type (P < 0.05; by Tukey's HSD test). v NS, *, **, and *** indicate not significant or significant differences of P < 0.05, 0.01, and 0.001, respectively, by two-way ANOVA. Table 1 . Effect of using different potassium levels in the nutrient solution on the leaf number, total leaf area, LMA, SPAD, potassium content, shoot and root fresh weight, and shoot and root dry weight of lettuce at final harvest time. K treatments were reduced by 8.6% and 46.8% for green leaf lettuce, 9.4% and 41.7% for Boston lettuce, and 6.4% and 57.0% for romaine lettuce, respectively (Fig. 3) ; the values in the inner leaves of plants grown in the 1/2 K and 1/4 K treatments were reduced by 1.3% and 49.0% for green leaf lettuce, 5.5% and 53.7% for Boston lettuce, and 11.9% and 61.6% for romaine lettuce, respectively (Fig. 3) . For all three lettuce types, the potassium content in the root was significantly decreased in the 1/4 K treatments (Fig. 3) .
Photosynthetic parameters of mature and newly expanded leaves
In the mature leaves, photosynthetic rates of plants grown in the 1/2 K and 1/4 K treatments were reduced by 13.5% and 59.4% in green leaf lettuce, 23.5% and 40.4% in Boston lettuce, and 15.4% and 32.0% in romaine lettuce, respectively (Table 2 ). Stomatal conductance and transpiration rates of green leaf and Boston lettuce showed similar trends, while intercellular CO 2 concentrations of mature leaves of green leaf lettuce were significantly higher in the 1/2 K treatment (Table 2 ).
In the newly expanded leaves, photosynthetic rates of plants grown in the 1/2 K and 1/4 K treatments were reduced by 15.3% and 33.3% in green leaf lettuce, 3.9% and 31.8% in Boston lettuce, and 4.5% and 12.2% in romaine lettuce, respectively ( Table 2 ). The transpiration rate of newly expanded leaves of green leaf lettuce showed a similar trend to the photosynthetic rate ( Table  2 ). The stomatal conductance and transpiration rates of the newly expanded leaves of romaine lettuce showed the lowest values under the 1/2 K treatment ( Table 2) leaves was not affected by reduced potassium levels in the nutrient solution for all three lettuce types ( Table 2 ). The photosynthetic rates of the mature leaves and newly expanded leaves were significantly different among the three lettuce types. There was a significant interaction of potassium treatment and lettuce type for the photosynthetic rate of mature leaves and newly expanded leaves, stomatal conductance of the newly expanded leaves, and intercellular CO 2 concentration and transpiration rate of the mature leaves.
Ascorbic acid and nitrate content of lettuce
In the outer leaves, the ascorbic acid contents of green leaf lettuce grown in the 1/2 K and 1/4 K treatments were increased by 24.0% and 26.0%, respectively (Fig. 4A) . The nitrate contents of green leaf lettuce grown in the 1/2 K and 1/4 K treatments were reduced by 32.7% and 43.8%, respectively (Fig. 4A) . The ascorbic acid and nitrate contents of outer leaves in Boston and romaine lettuce were not affected by reduced potassium levels in the nutrient solution (Fig. 4A) .
In the inner leaves, the nitrate contents of green leaf lettuce grown in the 1/2 K and 1/4 K treatments were reduced by 25.5% and 21.1%, respectively (Fig. 4B) . The nitrate content in the inner and total leaves of Boston lettuce was lowest in the 1/2 K treatment (Fig. 4B) . The ascorbic acid content in the inner leaves of the three lettuce types and the nitrate content in the inner leaves of romaine lettuce were not affected by reduced potassium levels in the nutrient solution (Fig. 4B) .
Discussion
Potassium is highly mobile inside plants (Marschner, 1995) . It has been reported that changes in the potassium supply to a growing plant can cause significant alterations of the potassium content in the melon plant tissues (Asao et al., 2013) . In the present study, the potassium content in the outer leaves of three lettuce types was significantly decreased under a reduced potassium regime (Fig. 3) . In the mature leaves of all three lettuce leaf types, declines in the photosynthetic rate showed the same trend as the potassium content in the outer leaves, with all having significantly decreased photosynthetic rates in the 1/4 K treatments (Table 2) . However, other photosynthetic parameters differed between the three lettuce types. The stomatal conductance of the mature leaves of green leaf lettuce decreased with a reduced potassium concentration, whereas the intercellular CO 2 concentration gradually increased. In Boston lettuce, the stomatal conductance of the mature leaves decreased at reduced potassium concentrations, while the intercellular CO 2 concentration remained steady. In romaine lettuce, both the stomatal conductance and CO 2 concentration of mature leaves were not affected by a reduced potassium concentration. These results suggest the major influence of reduced potassium supply on the photosynthesis of mature leaves in green leaf lettuce and Boston lettuce was a result of non-stomatal limitations, such as a lower capacity of the CO 2 -fixation cycle or a larger mesophyll resistance (Jin et al., 2011; Zhao et al., 2001) . The reduction of relative chlorophyll content (Table 1) supported the contention that photochem- Table 2 . Effect of using different potassium levels in the nutrient solution on the photosynthetic rate, stomatal conductance, intercellular CO 2 concentration, and transpiration rate of lettuce. z 1/1 K, 1/2 K, and 1/4 K denote plants grown in half-strength Enshi formula nutrient solution containing 100%, 50%, and 25% levels of KNO 3 , respectively. y Mature lettuce leaves were derived from outer leaves, whereas newly expanded leaves were derived from inner leaves. x Values within a column followed by different letters differ significantly for the same lettuce type (P < 0.05; by Tukey's HSD test). w NS, *, **, and *** indicate not significant or significant differences of P < 0.05, 0.01, and 0.001, respectively, by two-way ANOVA. Table 2 . Effect of using different potassium levels in the nutrient solution on the photosynthetic rate, stomatal conductance, intercellular CO 2 concentration, and transpiration rate of lettuce.
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ical reactions of photosynthesis might be disrupted in green leaf lettuce and Boston lettuce under a 1/4 K treatment, leading to a decrease of light absorption and utilization in the leaves (Wang et al., 2012) . Reductions of the potassium content in the inner leaves of the three lettuce types showed similar trends as the outer leaves, with the exception of the potassium content in the inner leaves of plants grown under the 1/2 K treatments, which were not significantly decreased in green leaf lettuce and Boston lettuce (Fig. 3) . This might be explained by old leaves translocating nutrients to newly developing leaves under low potassium conditions, which is similar to the results of Asao et al. (2013) that potassium was translocated to melon fruits under reduced potassium supply. Correspondingly, reduced potassium in the nutrient solution had less of an impact on the photosynthesis of newly expanded leaves than in mature leaves for all three lettuce types. In green leaf lettuce and Boston lettuce, the photosynthetic rates of newly expanded leaves were reduced under low potassium treatments, whereas the stomatal conductance and intercellular CO 2 concentration were not affected. In romaine lettuce, the photosynthetic rate of newly expanded leaves was not affected by reduced potassium levels (Table 2) . Plants have developed several ways to cope with unsuitable growth conditions. In romaine lettuce, the photosynthetic rate was maintained in mature leaves subjected to 1/2 K treatment and the newly expanded leaves were not affected under both reduced potassium treatments (Table 2) , even though the potassium content in both mature and newly expanded leaves was significantly decreased in plants grown under both of the reduced potassium treatments (Fig. 3) . The maintenance of photosynthesis in romaine lettuce might be attributed to the observed increase in LMA of leaves, as leaves with higher LMAs perform better in resourcepoor environments (Wilson et al., 1999 ). At the whole plant level, reducing the potassium concentration in the nutrient solution led to a decreased potassium content in both the total leaves and root for all three lettuce types, with the most severe effects observed under the 1/4 K treatment (Fig. 3) . A reduced potassium content in plant tissues was also found in spinach (Ogawa et al., 2007) , melon (Asao et al., 2013) , and leaf vegetables and tomato (Ogawa et al., 2012) , which grew under low potassium conditions. The fresh and dry weights of shoots and roots in the three lettuce types showed similar trends to the potassium content in total plants, with plant biomass lowest under a 1/4 K treatment (Table 1) . Regarding growth analysis, RGR was significantly decreased with reduced potassium levels in the nutrient solution in all three lettuce types, whereas each lettuce type showed a different response in terms of NAR and LAR. Plant biomass is strongly positively correlated to RGR, and plant growth analysis decomposes RGR into NAR and LAR. Therefore, it is important to evaluate NAR and LAR to investigate how physiological and morphological traits cause a reduction of RGR under reduced potassium treatments. In Boston lettuce and romaine lettuce grown under reduced potassium treatments, RGR was significantly decreased with reduced potassium, whereas no significant decrease of NAR was observed for the reduced potassium treatments, indicating that the reduction in RGR was mainly associated with a reduction in LAR, and to a lesser extent caused by NAR. The leaf area ratio, the amount of leaf area a plant develops per unit total plant mass, is an important factor that determines the inherent growth rate. A lower LAR prevents a plant from fixing more carbon per unit plant weight (Nagai and Makino, 2009) , resulting in a lower plant relative growth rate (Fig. 2) . In green leaf lettuce grown under reduced potassium treatments, the reduction of RGR was not only caused by a decrease in LAR but also by a decline in Hort. J. 86 (2): 229-237. 2017. NAR. Since NAR is an index of leaf photosynthetic capacity, it indicated that the reduced potassium level in the nutrient solution also affected the leaf photosynthetic capacity in green leaf lettuce, resulting in a decline in RGR (Fig. 2) .
The content of both ascorbic acid and nitrate was influenced by reduced potassium levels. Green leaf lettuce grown in the 1/4 K treatments had a higher ascorbic acid and lower nitrate content (Fig. 4) compared with the control plant. Previous studies demonstrated that foliar potassium application increases fruit quality of muskmelon such as increases in soluble solids, ascorbic acid, and β-carotene (Jifon and Lester, 2009; Lester et al., 2005) . However, recent studies revealed potassium restriction during a plants' late growth period could increase ascorbic acid in lettuce and spinach due to accumulation of the ascorbate matrix and upregulation of L-galactono-γ-lactone dehydrogenase (Ogawa et al., 2014) . Combined with the results of our experiment, it is possible to produce low-potassium lettuce with increased functional components by reducing potassium levels in the nutrient solution. Moreover, a reduction of nitrate content was observed in green leaf lettuce (Fig. 4B) . This is in accord with a previous report that lettuce with a low potassium content has a low nitrate content (Yoshida et al., 2014) . Since the transpiration rate influences water and nutrient uptake by plants, the significant decrease in the transpiration rates of mature and newly expanded leaves in green leaf lettuce under a 1/4 K treatment (Table 2) likely results in a lower nitrate content in leaves. Thus, growing green leaf lettuce in a nutrient solution with reduced potassium could prove useful in fulfilling the requirements of lettuce with low levels of potassium and nitrate.
In the present study, NaNO 3 was used to replace KNO 3 to reduce potassium levels in nutrient solutions. It has been suggested that Na + has the potential to replace K + in certain non-specific physiological functions such as osmoregulation (Flowers and Läuchli, 1983) . In this study, reduced potassium in the nutrient solution inhibited plant growth and photosynthesis in three lettuce types ( Fig. 2; Table 2 ), suggesting that Na + may only partially substitute K + in lettuce, which is consistent with the reports of Subbarao et al. (2003) . Because this substitution ability is different between plants, further research is needed to better understand how Na + and K + affect plant growth and photosynthesis in different plants.
We concluded that reduced potassium in the nutrient solution decreased the growth and yield of three lettuce types. The decrease in RGR in green leaf lettuce was explained by the reductions in both NAR and LAR. The decrease in RGR in Boston lettuce and romaine lettuce was mainly due to a reduction in LAR. For all three lettuce types, mature leaves exhibited a significant decline in photosynthesis compared with newly expanded leaves under low potassium conditions. Non-stomatal factors suppressed the photosynthesis in green leaf lettuce and Boston lettuce, whereas the increased LMA might lead to the maintenance of photosynthesis in romaine lettuce. The low yield of lettuce plants where the potassium level in the nutrient solution is reduced right after transplanting suggests that the method used in the present study is unsuitable for low-potassium lettuce culture. In our future research, we will test quantitative nutrient management to improve the growth of lowpotassium lettuce.
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